Abstract -The paper discusses the design of electrical systems that are open-type hybrid magnetic systems of various configurations. The goal is: to research magnetic field and its power characteristics for electromagnetic iron separators with four magnetic field concentrators in a frustoconical and knifelike form, and to enhance and create greater inhomogeneity of the magnetic field generated in a predetermined area of space at constant power consumption. To achieve the research goal, the following tasks are solved: to develop three-dimensional mathematical and simulation models of the proposed hybrid magnetic systems; to get magnetic field patterns and its power characteristics as a result of numerical experiments. The research methods are: Maxwell's electromagnetic field theory, finite elements method (FEM), simulations using the software package ANSYS Maxwell. Findings are: there are proposed constructions of a hybrid magnetic system -iron separators with different concentrating nozzles, that allow to maintain predetermined turndown of the magnetic induction, to improve the magnetic field power characteristics of these systems, as well as a significant field inhomogeneity that results in an increase of ponderomotive forces acting on the ferromagnetic inclusions of the treated substance.
INTRODUCTION
The efficiency of electrical and electromechanical devices with open magnetic core [1] to a large extent is determined with the intensity and inhomogeneity of the electromagnetic field in the working area, where there is energy conversion or there is effect on the treated medium. Improving the magnetic field characteristics without additional expenses of energy can improve energy, power and weight and size parameters of electrical and electromechanical transducers that is an actual scientific and technical task.
Electro technical devices with open magnetic core have various fields of application in living conditions, manufacturing, transport, medicine, agricultural processing, food industry [2, 3, 6] , refining, to clean dry mixes and fluids from ferromagnetic impurities, as well as their use is possible for improving the ecological properties of the environment.
Increased efficiency of iron separators is achieved by using concentrators of magnetic fields of different configuration based on hybrid magnetic systems as a combination of openloop and open magnetic systems [4, 5] .
Iron separator is an electromagnet, usually consisting of a conductive coil and a ferromagnetic core that is magnetized (acquires the properties of a magnet) when electric current passing through the coil. Depending on the method of generating a magnetic flux and acting magnetizing power nature iron separators are divided into two groups: permanent magnets, AC electromagnets [7, 8] .
Investigated hybrid magnetic system is the aggregate of the П-shaped core with four concentrators (nozzles) on the iron separator poles of frustoconical and knife-like form to enhance and to create a greater heterogeneity or change of the configuration of the created magnetic field in a given area of space, which leads to an increase in the ponderomotive forces acting on the ferromagnetic particles of the substance being purified (dry mixture, ore, liquid). Numerical experiments and calculations of three-dimensional magnetic field of the hybrid magnetic system are held with finite element method using ANSYS Maxwell software package [10, 11, 12] .
II. THE PROBLEM STATEMENT
Designs and simulation models of electro technical systems with a hybrid magnetic core, consisting of a П-shaped iron separator, of a hanging type with two poles and two charging coils connected to a direct current source with four ferromagnetic concentrators in a form of a truncated cone at each pole are considered in the work, ( Fig. 1 ) and four ferromagnetic knife-like concentrators at each pole (Fig. 2) . The core is a П-shaped form made of laminated steel grade 1045, the number of ampere-turns of the windings of the electromagnetic iron separator is Iw = 2600 A, voltage at the terminals of the windings is U = 40 V, the current is I = 4 A. Concentrating ferromagnetic nozzles in the form of a truncated cone and knife-like shape are a single core made of electrical steel grade 1045.
When stimulating the magnetic field of a hybrid magnetic system, the following assumptions are made: magnetic properties of the model are given by 1045 steel magnetization curve; relative magnetic permeability of air and copper winding is equal to one; the current density in the winding cross-section is uniformly distributed, the winding current is constant; the calculation of the magnetic field of a hybrid magnetic system is considered as a magnetostatic problem; zero boundary conditions are assumed at the boundary of the computational domain.
Three-dimensional geometric models of a hybrid magnetic system in a Cartesian coordinate system are considered (Fig.1b, 2b) . Three-dimensional models of the П-shaped iron-separator with four concentrators at each pole of different shapes (hybrid magnetic systems) developed in SolidWorks software package and encapsulated into ANSYS Maxwell.
III. THE THEORY
The mathematical model of the hybrid models under study is a magnetostatic vector model based on Maxwell's differential equations [1, 3] 
where B is vector of magnetic induction (Т); H is vector of magnetic field power, magnetic permeability of the material, 0 is magnetic constant. Magnetostatic solver handles linear and nonlinear threedimensional problems using the mathematical model (1)-(4). If there are nonlinear problems, the classical Newton-Raphson iterative algorithm with user-controlled accuracy is used [13] .
IV. FINDINGS OF THE EXPERIMENTS
Numerical experiments on mathematical, simulation models of hybrid magnetic systems " П-shaped iron separatorconcentrator of various shapes" made it possible to develop magnetic field patterns for various planes of three-dimensional magnetostatic models (Fig. 3,а Also, the power characteristics of the magnetic field of hybrid magnetic systems were constructed, i.e. dependences of the vector of the magnetic induction В ib mTesla along line 2, connecting the mid-poles (Fig. 5, 7) , and line 1, extending along the edge of the pole and the middles of two from four concentrators (Fig. 6, 8) . The power lines are constructed at different heights from the pole to the level of the conveyor with a dry mixture (flour, bone meal, malt, sand, etc.) cleaned from ferromagnetic inclusions -lines ОА, ОB, ОC.
V. DISCUSSION OF RESULTS
Analysis of the patterns of the magnetic field power characteristics with magnetizing force, ampere-turns in both windings Iw = 2600 A for the hybrid magnetic system with four concentrating nozzles that are knife-like shape and frustoconical showed that the field in the gap between the poles was distributed fairly evenly and the magnetic induction vector В has a maximum value 0.025 Тesla in the middle of the air gap 225 mm between the poles and the distance up to the conveyer is 60 mm (line ОА) (Fig. 5, 7) , and it is consistent with experimental data obtained for an iron separator with one frustoconical concentrator [4] . The maximum vector value of the magnetic system with knifeshaped cone concentrators of the magnetic induction of the hybrid magnetic system with the truncated cone concentrators along the edge of the pole is 0.04-0.041 Тesla according to the power characteristic along line ОА (Fig. 6) . The maximum value of the magnetic induction vector which is hybrid at the edge of the pole is 0.15-0.16 Тesla according to the power characteristic along line ОА (Fig. 8) .
VI. CONCLUSION
The resulting pattern and power characteristics of the magnetic field for the magnetic hybrid system with fourconcentrating nozzles knife-like shape and frustoconical allow drawing conclusions.
1. The field in the gap between the poles is distributed fairly evenly, and line 2, which connects the middle poles, the field has a small inhomogeneity (Fig. 5, 7 ): magnetic induction in the air gap 0.025 Тесла and magnetic induction under the poles 0.01-0.02 Тесла, and it does not depend on the shape of the concentrating nozzles.
2.
The maximum values of the magnetic induction vector are obtained along the line ОА, i.e. at a distance 60 mm from the pole to the conveyor (the minimum distance), and it does not depend on the shape of the concentrating nozzles.
3. The maximum inhomogeneity of the magnetic field of a hybrid magnetic system, and hence the maximum ponderomotive force, is obtained along the line OA, along the edge of the pole with four knife-like nozzles.
Further studies to obtain more energy-efficient hybrid magnetic systems, in this case iron separators and separators, are related to the study of the electrical parameters effect on the configuration of their magnetic fields and power characteristics values including ponderomotive forces.
